We have prepared the CeFe 3 CoSb 12 -MoO 2 composite by mechanical milling and spark plasma sintering techniques. The Seebeck coefficient of CeFe 3 CoSb 12 is somewhat reduced by the addition of MoO 2 . The electrical resistivity of the CeFe 3 CoSb 12 -MoO 2 composite is smaller than that of CeFe 3 CoSb 12 regardless of being mechanically milled. The thermal conductivity of the CeFe 3 CoSb 12 -MoO 2 composite is generally smaller than that of CeFe 3 CoSb 12 . The addition of MoO 2 to CeFe 3 CoSb 12 is effective for the reduction of both the electrical resistivity and thermal conductivity. The composite whose molar ratio of CeFe 3 CoSb 12 to MoO 2 is 0:95 : 0:05 and milling time is 5 h shows a maximum dimensionless figure of merit ZT of 1.22 at 773 K, which is larger than ZT of CeFe 3 CoSb 12 .
Introduction
Skutterudite compounds have been known as potential thermoelectric materials. [1] [2] [3] [4] Skutterudite compounds are represented by MX 3 , where M is Co, Rh or Ir and X is P, As or Sb. Most of binary skutterudite compounds possess reasonably large Seebeck coefficient (S) and low electrical resistivity (), resulting in large power factor (S 2 =), comparable to state-of-the-art thermoelectric materials. However, their thermal conductivity (), especially the lattice thermal conductivity, remains too high to make these materials efficient thermoelectric. 3) One approach to the achievement of the reduction of the thermal conductivity of the skutterudite is to make a formation of a solid solution. It was shown that the thermal conductivity of CoSb 3 or IrSb 3 can be substantially reduced by making the solid solutions Co 0:88 Ir 0:12 Sb 3 or Co 0:12 Ir 0:88 -Sb 3 , from 9-10 to 3-3.5 W/m/K at room temperature. 5) We also reported that the thermal conductivity of CoSb 3 is reduced by the substitution for Co by Fe, especially in the high iron content region. 6) Another approach to the achievement of the reduction of the lattice thermal conductivity is to prepare the filled skutterudite compounds. [7] [8] [9] [10] The composition of the filled skutterudite compounds can be represented by the formula RM 4 X 12 , where R was La, Ce, Pr, Nd or Eu. In these compounds, the empty octants of the skutterudite structure which are formed in the MX 3 framework are filled with a rare earth element. X-ray and neutron structure refinements indicate that the R atoms tend to exhibit exceptionally large thermal parameters, corresponding to the ''rattling'' of theses atoms in an oversized atomic cage. 11, 12) This rattling markedly reduces the thermal conductivity of these filled skutterudite compounds. These approaches correspond to the ways for reducing the thermal conductivity of materials by controlling the microscopic structure of materials in the atomic level.
On the other hand, the extra reduction in the thermal conductivity for sintered materials can be attained by the increase of the phonon scattering at grain boundaries. [13] [14] [15] [16] [17] [18] [19] The existence of an additive compound in sintered materials is effective for the enhancement of the phonon scattering at grain boundaries resulting in the reduction of the thermal conductivity. This approach corresponds to the way for reducing the thermal conductivity of materials by controlling the microscopic structure of materials in the grain size level.
The combination of the above two approaches, i.e., in the atomic level and in the grain size level, may be more effective for the reduction of the thermal conductivity of thermoelectric materials. Therefore, we have tried to synthesize the composite thermoelectric materials composed of the matrix and additive compounds. We have chosen CeFe 3 CoSb 12 with a filled skutterudite structure as a matrix compound and MoO 2 as an additive compound. MoO 2 is known to be one of electroconductive oxides. Our previous researches showed that the addition of the electroconductive compounds was efficient for the improvement of the performance of the thermoelectric materials. 14, 20) In this study, we have synthesized CeFe 3 CoSb 12 -MoO 2 composite by the mechanical milling and spark plasma sintering (SPS) techniques and investigated its thermoelectric properties.
Experimental Procedure
The compound CeFe 3 CoSb 12 was synthesized by the direct reaction of their elements. Ce (99.9 at% pure), Fe (99.9 at% pure), Co (99.9985 at% pure) and Sb (99.9999 at% pure) powders with the stoichiometric composition were mixed and evacuated in a quartz ampoule. The ampoule was heated at 1273 K for 30 h via holding at 873 K for 3 h, then quenched into ice water and the ampoule was again annealed at 973 K for 30 h. After the reaction was completed, the ampoules were opened and the products were ground by mortar and pestle into fine powders. with twenty agate balls having a diameter of 7 mm. This vial was evacuated to under 10 À3 Pa, and filled with 0.2 MPa Ar gas. Mechanical milling was carried out for 5-10 h using a planetary ball mill (FRITSCH, P-6). The powders after milling were packed into graphite dies and sintered by SPS at 873 K for 15 min at a pressure of 40 MPa under a vacuum of about 30 Pa. The MoO 2 powders were also sintered under the same condition. The phase identification of the obtained samples was made by X-ray diffraction at room temperature. The microscopic structure and composition of samples were examined using a scanning electron microscope (SEM) and electron probe micro analyzer (EPMA), respectively. The Seebeck coefficient and electrical resistivity were simultaneously measured by the standard four probe dc method in a flowing Ar gas atmosphere in the temperature range from room temperature to 773 K. The thermal diffusion coefficient (D) and the specific heat (C p ) of samples were measured by the laser flash method. The density (d) of samples was measured by the Archimedes method. The thermal conductivity, , was calculated from the measured D, C p and d using the relationship ¼ DC p d. Figure 1 shows the X-ray diffraction patterns for the sintered CeFe 3 CoSb 12 and CeFe 3 CoSb 12 -MoO 2 composite, (CeFe 3 CoSb 12 ) 1Àx (MoO 2 ) x . The X-ray diffraction patterns for the composite mainly consist of the diffraction peaks of the filled skutterudite CeFe 3 CoSb 12 , and small amounts of second phases such as Sb, FeSb 2 and CeO 2 , whose relative intensity of X-ray diffraction peaks tends to increase by mechanical milling. In preliminary experiment, the relative intensity of second phases tends to increase with an increase of the milling time, especially above 10 h, which might be ascribed to the infusion of contaminations such as oxygen from the atmosphere or silica dioxide from the milling vial and balls during the milling process. And so, we have chosen 5 h as a milling time for (CeFe 3 CoSb 12 ) 1Àx (MoO 2 ) x composite. As seen from Fig Figure 2(a) is the SEM photograph for the sintered CeFe 3 CoSb 12 which is not exposed to the mechanical milling process. There is a relatively wide variation in the crystal grain size, from several to several tens of mm. The relative density of the sintered CeFe 3 CoSb 12 is about 92%. 
Results and Discussion
Figures 3(a) and (b) show the temperature dependence of the Seebeck coefficient and electrical resistivity for CeFe 3 CoSb 12 and (CeFe 3 CoSb 12 ) 1Àx (MoO 2 ) x composite as a function of x, respectively. The Seebeck coefficient is reduced by the mechanical milling. As shown in Fig. 1 , second phases such as Sb and FeSb 2 were detected in samples, and the Seebeck coefficient of these second phases is generally smaller than that of CeFe 3 CoSb 12 ; for example the Seebeck coefficient of FeSb 2 is 40 mV/K at room temperature.
14) The reduction of the Seebeck coefficient in samples exposed to the mechanical milling process may be ascribed to the existence of these precipitated second phases. The Seebeck coefficient for CeFe 3 CoSb 12 is also reduced by the addition of MoO 2 , and tends to decrease with an increase of MoO 2 content. The reduction of the Seebeck coefficient is considered to be ascribed to the small Seebeck coefficient of MoO 2 ; the measured Seebeck coefficient of the sintered MoO 2 is about À3 mV/K at room temperature. milled. The addition of MoO 2 seems to be effective for the reduction of the electrical resistivity. We assume the model shown in Fig. 4 , where the sintered composite body is divided into k layers and each layer consists of two components, i.e., matrix and additive phase. 6, 21) Supposing that the additive phase exists in the k add layers among k layers, k add =k is a parameter which shows the randomness of the distribution of the additive phase, and we will designate k add =k by t. The total electrical resistivity of the sintered body is given as follows:
Here, mat and add are the electrical resistivity of the matrix and additive phase, respectively, and f add is the volume fraction of the additive phase throughout the sintered body. The volume fraction of the additive phase in the layer containing the additive phase is shown as f add =t. When the additive phase exists randomly in the sintered body, f add =t is considered to be equal to t. used as the electrical resistivity of the matrix, mat . The calculated electrical resistivity decreases with an increase of the MoO 2 content of x, which is ascribed to the lower electrical resistivity of MoO 2 phase. There is a discrepancy between the measured electrical resistivity and calculated electrical resistivity as shown in the figure. The measured electrical resistivity of the composites is smaller than the calculated electrical resistivity of them. This result may be ascribed to the increase of the density of the sintered body accompanied with an addition of MoO 2 or the existence of second phases such as Sb and FeSb 2 as already mentioned. The thermal conductivity for CeFe 3 CoSb 12 is reduced by the addition of MoO 2 , and tends to increase with an increase of MoO 2 content, which is shown in Fig. 6(a) . This result shows that the formation of the composite of CeFe 3 CoSb 12 and MoO 2 is effective for the reduction of the electrical resistivity as well as the thermal conductivity of the material. This result is in contrast with that reported by He et al. 18, 19) They investigated the CoSb 3 -ZrO 2 composite system, where the ZrO 2 is dispersed in nano-sized particle by mechanical milling, and reported that the dispersion of nano-sized ZrO 2 powder could reduce the thermal conductivity while enhance the electrical resistivity of the samples, and that the density of the samples decreases with an increase of the ZrO 2 content. The enhancement of the electrical resistivity in their samples is perhaps due to the higher electrical resistivity of ZrO 2 and the lower density of the samples. When a single sign of charge carrier is predominant, the total thermal conductivity total of a material can be written as
where, ph is the lattice contribution and car is the carrier contribution. car can be calculated using the WiedemannFranz relationship car ¼ LT, where L is the Lorentz number, is the electrical conductivity, and T is the absolute temperature. The Lorentz number is calculated using the reduced Fermi energy, which can be estimated from the Seebeck coefficient and the Fermi-Dirac integral.
6) The lattice contribution ph can be obtained by subtracting car from total . The temperature dependence of ph and car is shown in Fig. 6(b) On the other hand, there remain some problems to be examined. As shown in Fig. 2 , the crystal grain size of CeFe 3 CoSb 12 is rather large, and the added MoO 2 particles are not so widely dispersed in the CeFe 3 CoSb 12 matrix. Since the phonon is scattered at grain boundaries, smaller and more dispersed particles are more effective for the phonon scattering resulting in the reduction of the thermal conductivity of materials. Nakagawa et al. examined the effect of the crystal grain size on the thermal conductivity of CoSb 3 , and reported that the thermal conductivity is almost independent of the crystal grain size above 5 mm, but it is drastically reduced at about 1-3 mm.
13) Huang et al. also reported on the ZrNiSn-ZrO 2 composite system that the thermal conductivity was efficiently reduced and the electrical transport properties could not be affected in a negative manner if the particle size of the additive was down to nanometer range. 17) The crystal grain size of our samples is about 5-10 mm, which is rather large. For the minute texture of materials, longer mechanical milling operation is effective. But as mentioned above, the relative amount of second phases, which might appear during milling process, tends to increase with an increase of the milling time. And so, the investigation of milling conditions, for example the atmosphere and the material of milling vial and ball, should be necessary. Furthermore, the more effective additive might exist. Good selection of the additive and the control of the microstructure are required, but the composite system based on the filled-skutterudite by applying mechanical milling technique has a large potential for good thermoelectric properties. 
